Introduction {#sec1}
============

The control of volatile organic compounds (VOCs) from industrial and natural sources has raised ever increasing public concern on account of their potentially harmful effects on the environment and human beings even at low concentrations and hence prompted more stringent legislation and regulations.^[@ref1],[@ref2]^ Great efforts have been made to eliminate the emission of VOCs.^[@ref3]−[@ref5]^ Among various techniques for VOCs abatement from polluted air, adsorption by porous materials has been well established and proved effective.^[@ref6]−[@ref8]^ With high-efficiency removal of VOCs by adsorption yet to be achieved, the development of specialized adsorbents toward targeted adsorbates is crucial, which still remains a major challenge.

Thus, metal--organic frameworks (MOFs), an emerging class of porous materials, have attracted extensive attention because their textural structure and chemical functionality could be facilely tailored for specific applications through the variation of metallic clusters and organic linkers,^[@ref9],[@ref10]^ which are regarded as promising alternatives for addressing many limitations experienced by classical adsorbents.^[@ref11]^ MOFs have some inherent superiorities such as a well-developed porous structure, controlled pore size, homogenous dispersion of components, and facile functionalization, presenting bright prospects for catalysis, photocatalysis, liquid- and gas-phase adsorption, and so forth.^[@ref12]−[@ref16]^ Attempts by several researchers have been made to achieve efficient adsorption of VOCs using MOFs. For instance, Zhu et al.^[@ref17]^ reported an enhanced hydrophobic MIL(Cr)-Z1 material with high adsorption capacity and selectivity for benzene series VOCs by grafting naphthalene dicarboxylic acid as the ligand. MIL(Cr)-101 exhibited favorable adsorption of VOCs containing aromatic ring or heteroatoms, especially the amines such as *n*-butylamine.^[@ref18]^ Besides, MOF-177 was discovered to be a potential adsorbent for the removal of acetone and benzene series VOCs,^[@ref19]^ while fluorous MOFs were found to possess high adsorption capacity and affinity to C6--C8 hydrocarbon vapors.^[@ref20]^ Zhang et al.^[@ref21]−[@ref24]^ found that modified UiO-66 materials exhibited enhanced adsorption performance of gaseous toluene. Moreover, Vellingiri et al.^[@ref25]^ demonstrated that MOFs with −NH termination could be effectively applied in toluene capture.

Recently, adenine-based MOFs, typically known as bio-MOFs, have been reported with their various applications concerning water treatment,^[@ref26]^ drug delivery,^[@ref27],[@ref28]^ fluorescent sensor,^[@ref29]^ CO~2~ capture,^[@ref30]^ and gas separation.^[@ref31]−[@ref33]^ Adenine is a versatile biomolecular building block in view of its multiple Lewis-basic sites consisting of four heterocyclic N atoms and one exocyclic amino-N atom, which could facilitate the adsorption of VOC molecules.^[@ref25],[@ref34],[@ref35]^ Interestingly, all the five N atoms can coordinate with metals and thereby form multiple binding modes. Moreover, the distinctive coordination mode of bio-MOF-11 contributes to more free Lewis-basic sites than other bio-MOFs^[@ref36]−[@ref38]^ and hence considerable potential for the removal of VOCs. However, this potential still lacks further exploration, as VOC adsorption on bio-MOFs has scarcely been involved in the available literature, let alone on bio-MOF-11. Therefore, related research is claimed.

In this context, bio-MOF-11, characterized here as Co~2~(ad)~2~(CH~3~CO~2~)~2~·0.3EtOH·0.6H~2~O (ad = adeninate), was developed via a facile solvothermal method, as shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. Subsequently, the synthesized bio-MOF-11 was employed as the adsorbent toward a series of VOCs with varying physicochemical properties. The adsorption behavior of targeted VOCs on bio-MOF-11 was analyzed in detail, and the results were correlated to their intrinsic characteristics such as the boiling point, polarity, and size of VOC molecules. In addition, the effect of temperature on adsorption was studied as well. This work aims to provide a fundamental understanding about VOC adsorption characteristics of bio-MOF-11.

![Schematic illustration of the synthesis of bio-MOF-11.](ao0c01504_0001){#fig1}

Results and Discussion {#sec2}
======================

Physicochemical Properties of Bio-MOF-11 {#sec2.1}
----------------------------------------

The crystallinity of synthesized bio-MOF-11 was examined by X-ray diffraction (XRD), as shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a, and the characteristic peaks are identical to the previously reported study.^[@ref39]^ Besides, the Fourier transform infrared spectroscopy (FTIR) spectrum of bio-MOF-11 is shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b, and the linkage of Co nodes and adenine linkers could be clearly observed. As shown, the broad bands at 3337 and 3194 cm^--1^ result from amino N--H stretching vibration in adeninate. The bands between 1650 and 1500 cm^--1^ are ascribed to stretching and bending vibration of imidazole ring in adeninate, while the bands between 1450 and 1050 cm^--1^ are ascribed to a complex of C--N stretching, C--H bending, and C--O stretching vibration in adeninate and acetate structures. Furthermore, the bands in the range of 800--500 cm^--1^ are attributed to the stretching vibration of Co nodes.^[@ref26],[@ref39]^

![(a) XRD pattern, (b) FTIR spectrum, (c) TG and DTG curves, and (d) SEM graph of bio-MOF-11.](ao0c01504_0002){#fig2}

According to thermogravimetric (TG) and derivative thermogravimetry (DTG) curves in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c, bio-MOF-11 exhibited an initial weight loss below 470 K ascribed to the removal of EtOH and water guest molecules. Subsequently, the decomposition of the framework started from around 550 K. In addition, the microstructure of bio-MOF-11 was detected by scanning electron microscopy (SEM) and is shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d. Apparently, polyhedral crystals could be observed, and the particle size (200--300 nm) is smaller compared to the literature (10--35 μm),^[@ref33]^ which might be caused by the difference in the synthesis process as this study adopted a simplified method.

The pore structure properties of bio-MOF-11 were characterized by N~2~ adsorption--desorption at 77 K. As shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a, the isotherm of type I--IV hybrid shape according to the IUPAC classification indicates a combined micro- and mesoporous structure of the adsorbent. The steep slope at low pressures is associated to pore filling in micropores, and the H4 hysteresis loop at higher pressures reveals the existence of slit-like mesopores,^[@ref40]^ which is further verified by the pore size distribution (PSD) curve, as shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b.

![(a) N~2~ adsorption--desorption isotherm and (b) PSD of bio-MOF-11.](ao0c01504_0003){#fig3}

For better understanding the hierarchically porous structure, the results of surface area analysis are summarized in [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01504/suppl_file/ao0c01504_si_001.pdf). The specific surface area (*S*~BET~) of bio-MOF-11 reaches 580 m^2^/g. The values of total pore volume (*V*) and micropore volume (*V*~micro~) are 0.35 and 0.26 mL/g, respectively, with a *V*~micro~/*V* of 0.74, indicating a mainly microporous structure. Meanwhile, the most probable width of micro- and mesopores (*W*~p-micro~ and *W*~p-meso~, respectively) occurs at 0.53 and 3.77 nm, respectively, and pores of 0.53 nm demonstrate an overwhelming dominance, which could be clearly reflected by the PSD curve in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b. It is worthwhile to note that the theoretical diameter of cavities in periodically paddle-wheel cobalt--adeninate--acetate structure is 0.58 nm,^[@ref39]^ in agreement with the measured value (*W*~p-micro~: 0.53 nm).

VOC Adsorption Isotherms on Bio-MOF-11 {#sec2.2}
--------------------------------------

Adsorption isotherms of methanol (polar VOC), acetone (polar VOC), benzene (nonpolar VOC), and toluene (weak polar VOC) on bio-MOF-11 at 288, 298, and 308 K are plotted in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. As shown, VOC adsorption isotherms belong to type I--IV that displays a rapid increase at the beginning and then forms a wide bend subsequently with steady adsorption at higher pressures, which is related to the micro- and mesoporosities of bio-MOF-11. With the same experimental conditions, the amount of VOCs adsorbed follows the sequence: toluene \< benzene \< acetone \< methanol. For instance, under an equilibrium pressure of 1 kPa and 288 K, the uptake of methanol, acetone, benzene and toluene on bio-MOF-11 reached 2.65, 1.86, 1.17, and 0.79 mmol/g, respectively. For each VOC, adsorption declines with increasing adsorption temperature as adsorption is an exothermic process, while the decrement varies with the adsorbate. This is associated with the properties of each VOC, which would be discussed in more detail later.

![VOC adsorption isotherms on bio-MOF-11 at 288 (black square), 298 (red ball), and 308 K (blue triangle).](ao0c01504_0004){#fig4}

Moreover, the adsorption isotherms were fitted by the Freundlich and Langmuir models, as shown in [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01504/suppl_file/ao0c01504_si_001.pdf), with the fitting parameters listed in [Table S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01504/suppl_file/ao0c01504_si_001.pdf). The Freundlich model hypothesizes a heterogeneous adsorbent surface with diverse adsorption sites, and the Langmuir model hypothesizes a homogeneous surface and monolayer adsorption.^[@ref41]^ On the whole, the two models are able to satisfactorily describe the experimental data according to the high *R*-squared (*R*^2^) values. For methanol and acetone adsorption (i.e., the polar and small size VOCs), the Freundlich model (*R*^2^ \> 0.98) describes the isotherms better than the Langmuir model (*R*^2^: 0.94--0.98). However, in the case of benzene and toluene adsorption (i.e., the nonpolar and larger size VOCs), the Langmuir model (*R*^2^ \> 0.97) is superior to the Freundlich one (*R*^2^ \> 0.93). This might be triggered by the difference in adsorption mechanism of different VOCs on bio-MOF-11. On the one hand, small molecules are easier to access the intrapores of the adsorbent than larger ones. On the other hand, the various N atoms in adeninate linkers may provide diverse adsorption sites for polar VOCs. The adsorption capacity values of various MOFs toward targeted VOCs are summarized in [Table S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01504/suppl_file/ao0c01504_si_001.pdf). It is worth noting that the adsorption capacity of bio-MOF-11 is limited by its moderate specific surface area compared with other MOFs, whereas competitive values appear after normalization with *S*~BET~, which might be associated with the intrinsic structure of this material. Additionally, the reproducibility of bio-MOF-11 was evaluated by taking acetone adsorption as an exemplification. As shown in [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01504/suppl_file/ao0c01504_si_001.pdf), at 288 K and 18.1 kPa, the adsorption capacity of bio-MOF-11 toward acetone vapor is 2.72 mmol/g for the first cycle, which remains 98.2 and 94.5% for the second and third cycle respectively, indicating the good recycling performance and structural stability of bio-MOF-11. In addition, the XRD patterns after acetone adsorption ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01504/suppl_file/ao0c01504_si_001.pdf)) also verify that bio-MOF-11 remains structurally stable during the adsorption process.

Effect of Adsorption Temperature on VOC Adsorption {#sec2.3}
--------------------------------------------------

Temperature is a crucial determinant of adsorption. Hence, to explore the influence of adsorption temperature on the adsorption capacity of bio-MOF-11, adsorption tests were conducted under 288, 298, and 308 K. For comparison, [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a depicts the *q*~s~ for VOCs under these three temperatures, which is the fitting parameter of the Langmuir model that could represent the saturated adsorption capacity independent of equilibrium pressure.

![(a) Saturated adsorption capacity of bio-MOF-11 toward different VOCs and (b) its linear correlation with the adsorption temperature.](ao0c01504_0005){#fig5}

As summarized in [Table S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01504/suppl_file/ao0c01504_si_001.pdf), the *q*~s~ was estimated to be 0.73--3.57 mmol/g. As expected, the *q*~s~ for every targeted VOC falls as adsorption temperature increases because of the inhibition effect of temperature in view of physical exothermic adsorption. Taking methanol adsorption as an example, the *q*~s~ is 3.57 mmol/g at 288 K, decreasing by 3.6 and 7.3% at 298 and 308 K, respectively. However, for acetone adsorption, the inhibition effect becomes much more marked that *q*~s~ dropped by 25.1 and 35.6% from 288 to 298 and 308 K, respectively. Overall, the *q*~s~ exhibits a linear correlation with the adsorption temperature, as shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b. A similar trend was observed by Wang et al.^[@ref42]^ Note that the linearity for toluene adsorption is less obvious (*R*^2^: 0.84) than others (*R*^2^ \> 0.94), which could be explained by its high boiling point of 384 K ([Table S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01504/suppl_file/ao0c01504_si_001.pdf)). In the case of the toluene adsorption test at 288 K, the liquefaction phenomenon could be observed with increasing adsorption pressure. On the other hand, increasing adsorption temperature can facilitate intrapore diffusion of VOC molecules and therefore promote the adsorption rate, especially for molecules with larger size such as toluene.^[@ref5],[@ref43]^ Besides, acetone adsorption is most sensitive to temperature among these four adsorbates, which might be brought by the lowest boiling point combined with the strong polarity.^[@ref44]^

Effect of Physicochemical Properties of Adsorbate on VOC Adsorption {#sec2.4}
-------------------------------------------------------------------

On the other hand, different adsorbates result in variations in adsorption behavior. Some basic properties of the four targeted VOCs are shown in [Table S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01504/suppl_file/ao0c01504_si_001.pdf). Considering the molecular mass (*M*~r~) and molecular dynamics diameter (*D*~m~) to be two representative parameters, respectively, for intrinsic static and dynamic characteristics of the adsorbates, the two parameters were adopted for further analysis to evaluate the impact of adsorbate properties on VOC adsorption by bio-MOF-11. Based on [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a, a rough direction of the *q*~s~ could be easily distinguished for all adsorption temperatures as toluene \< benzene \< acetone \< methanol, which is exactly opposite to the sequence of the *M*~r~ as well as the *D*~m~ as listed in [Table S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01504/suppl_file/ao0c01504_si_001.pdf). Then, the *q*~s~ was plotted respectively versus the *M*~r~ and *D*~m~ of different VOCs in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}.

![Correlation of the saturated adsorption capacity of bio-MOF-11 toward different VOCs with their (a) molecular mass and (b) molecular dynamics diameters.](ao0c01504_0006){#fig6}

As shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a, the *q*~s~ is almost inversely proportional to the *M*~r~. With the *M*~r~ increasing from 32 to 92, the *q*~s~ sharply reduced by 70.6--77.9%. Such dependence of adsorption capacity and molecular weight has also been reported by Goto et al.^[@ref45]^ In fact, there is an inherent connection between the *M*~r~ and the *D*~m~ that both account for molecule size. Likewise, the *q*~s~ proves negatively correlated with the *D*~m~ according to [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b because larger molecules have difficulty in accessing narrow pores on account of molecular size exclusion characteristics of the adsorbent.^[@ref46]^ It is well recognized that micropores especially narrow micropores of the adsorbent play a critical role in VOC adsorption.^[@ref6],[@ref47]^ Considering the pore size of bio-MOF-11 (*W*~p-micro~: 0.53 nm), it is understandable that methanol (*D*~m~: 0.43 nm) adsorption is preferential to others, especially benzene (*D*~m~: 0.65 nm) and toluene (*D*~m~: 0.67 nm), which are hard to be accommodated by the cavities during host--guest interactions. Moreover, in terms of other VOC properties, adsorbates with strong polarity tend to be preferred on bio-MOF-11. This could be explained by the abundant exposed nitrogen atoms and amino groups in bio-MOF-11 cavities that facilitate the adsorption of polar VOC molecules.^[@ref34]^ In summary, the correlation between adsorption and the molecule size of VOCs is more pronounced in this study.

Conclusions {#sec3}
===========

Herein, bio-MOF-11 (Co~2~(ad)~2~(CH~3~CO~2~)~2~·0.3EtOH·0.6H~2~O) was synthesized via a facile method and its VOC adsorption characteristics were investigated with methanol, acetone, benzene, and toluene chosen as the targets. Temperature exhibits a considerable negative effect on VOC adsorption, while the inhibition effect gets more pronounced for adsorbate with low boiling point and strong polarity. Furthermore, the adsorption capacity is inversely proportional to the molecule size (molecular weight and molecular dynamics diameter) of VOCs, following the sequence: toluene \< benzene \< acetone \< methanol. Meanwhile, the abundant exposed nitrogen atoms and amino groups in bio-MOF-11 favor the adsorption of polar adsorbates. This work provides a research basis for understanding the characteristics of VOC adsorption on bio-MOF and for further practical application in VOC abatement.

Experimental Section {#sec4}
====================

Materials {#sec4.1}
---------

Cobalt acetate (≥99.995%), adenine (≥99%), and ethanol (EtOH, ≥ 99.5%) were purchased from Sigma-Aldrich, Inc. (Australia) and used without further purification. Ultrapure water (15 MΩ·cm) was produced by the water purification system \[Agilent Technologies Pty. Ltd. (Australia)\]. Liquid methanol (≥99.5%), acetone (≥99.5%), benzene (≥99.5%), and toluene (≥99.5%) were obtained from Sinopharm Chemical Reagent Co., Ltd., China.

Synthesis {#sec4.2}
---------

In this study, a facile method without the cryogenic process, simplified from the study of An et al.,^[@ref39]^ was adopted to synthesize bio-MOF-11. Schematic illustration of the synthesis of bio-MOF-11 is shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. To be specific, 2.70 mmol adenine and 0.90 mmol cobalt acetate were dissolved in 54 and 18 mL EtOH, respectively, and stirred vigorously for 1 h. Subsequently, the two solutions and 0.25 mL ultrapure water were added to a 100 mL autoclave, heated at 393 K for 24 h, and then cooled to room temperature. The product was filtered, washed with 54 mL EtOH for three times, and dried at 373 K in vacuum overnight. Elemental analysis calculated for Co~2~(ad)~2~(CH~3~CO~2~)~2~·0.3EtOH·0.6H~2~O (ad = adeninate): C, 33.03; H, 3.61; N, 26.39. Found: C, 32.95; H, 3.11; N, 26.38 ([Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01504/suppl_file/ao0c01504_si_001.pdf)).

Characterization {#sec4.3}
----------------

The crystal structure of synthesized bio-MOF-11 was characterized by XRD (D8 ADVANCE, Bruker AXS GmbH, Germany). The morphology was observed through SEM (Verios XHR 460, FEI Co., USA). The chemical composition of bio-MOF-11 was determined via elemental analysis for C, H, and N (2400 Series II CHNS/O Analyzer, PerkinElmer Inc., USA) and the surface chemistry via FTIR (Spectrum 100 FTIR Spectrometer, PerkinElmer Inc., USA). The textural properties of bio-MOF-11 were estimated by N~2~ adsorption--desorption at 77 K with a gas adsorption analyzer (JW-BK132Z, JWGB SCI. & TECH. Inc., China). Based on the isotherm, the specific surface area (*S*~BET~), total pore volume (*V*), and micropore volume (*V*~micro~) were calculated via methods as described in our previous work.^[@ref48]^ The micro- and meso-PSD curves were estimated from the desorption data with density functional theory and the Barrett--Joyner--Halenda method, respectively. Thermal characteristics were obtained using a TG analyzer (SDT Q600, Waters Corp., USA) under Ar flow (20 mL/min) at 10 K/min, with the DTG curve obtained simultaneously.

Gas Adsorption Tests {#sec4.4}
--------------------

Adsorption isotherms of selected VOCs including methanol, acetone, benzene, and toluene vapor on bio-MOF-11 were obtained at 288, 298, and 308 K respectively using the JW-BK132Z adsorption instrument via a standard static volumetric method. To be specific, bio-MOF-11 (around 100 mg) was outgassed at 393 K for 6 h prior to every adsorption test. Purification of VOCs was conducted by repeating the freezing-liquefaction process for three times using liquid nitrogen. During the adsorption test, a thermostatic water bath was adopted to achieve the required adsorption temperature for the sample tube. The adsorption capacity was calculated based on the corresponding volume of VOC adsorbed by bio-MOF-11 under standard conditions. All of the adsorption tests were carried out with the same procedure.
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